Obesity-induced inflammation causes skeletal muscle atrophy accompanied by disruption of oxidative metabolism and is implicated in metabolic complications such as insulin resistance and type 2 diabetes. We previously reported that 4-1BB, a member of the tumor necrosis factor receptor superfamily, participated in obesity-induced skeletal muscle inflammation. Here, we show that the absence of 4-1BB in obese mice fed a high-fat diet led to a decrease in expression of atrophic factors (MuRF1 and Atrogin-1) with suppression of NF-κB activity, and that this was accompanied by increases in mitochondrial oxidative metabolic genes/proteins (e.g., PGC-1α, CPT1β, etc.) expression and oxidative muscle fibers marker genes/proteins in the skeletal muscle. These findings suggest that 4-1BB-mediated inflammatory signaling could be a potential target for combating obesity-related muscle atrophy and metabolic derangement in skeletal muscle.
Background
Skeletal muscle, which constitutes up to 40% of body mass, plays a pivotal role in energy metabolism, protein storage, and locomotion. Thus, the maintenance of skeletal muscle mass and function are important for preventing obesity and metabolic complications such as insulin resistance and type 2 diabetes. Growing evidence suggests that obesity induces sarcopenia, a loss of skeletal muscle mass referred to as atrophy or wasting, resulting in increased risk of metabolic complications [1, 2] . Obesityinduced skeletal muscle inflammation is a major contributor of the skeletal muscle loss/atrophy. The skeletal muscle inflammation is characterized by increases in intramuscular adipocytes, recruitment of macrophages, and various inflammatory cytokines such as tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1) [3, 4] . Although inflammatory cytokines are considered to enhance muscle catabolism and play a major role in the development of skeletal muscle loss/atrophy [4, 5] , molecules and cellular mechanisms involved in the obesity-induced muscle atrophy are not yet fully understood.
Skeletal muscle atrophy occurs through an imbalance between protein synthesis and degradation, leading to a decrease in the size of muscle. Two major proteolytic systems involved in muscle atrophy are the ubiquitin-proteasome pathway and the autophagy-lysosome pathway [6] . Transcription factors such as nuclear factor-kappa B (NF-κB) and Forkhead box O (FoxO3) are key mediators of the catabolic response during muscle atrophy in various physiological and pathophysiological conditions, including obesity [7] . Obesity-induced skeletal muscle inflammation leads to degradation of specific muscle proteins and blockade of the regeneration of myofibers by activation of NF-κB [8] . Recent studies have shown that the inflammatory receptor fibroblast growth factor inducible 14 (Fn14) modulates skeletal muscle atrophy and metabolism [9, 10] through binding to its ligand tumor necrosis factor-like weak inducer of apoptosis (TWEAK). The interaction of Fn14/TWEAK increases activation of NF-κB signaling and proteolytic pathways such as the ubiquitin-proteasome system [9] , and this is accompanied by reduction of mitochondrial oxidative metabolism and fiber type switching in skeletal muscle [11, 12] , indicating that the inflammatory receptor/ligand system participates in obesity-induced muscle atrophy and metabolic dysregulation as well.
4-1BB (TNF superfamily 9, TNFRSF9) is an inflammatory receptor expressed on the surface of both immune cells (e.g., T cells) and non-immune cells (e.g., endothelial cells, adipocytes, and myotubes) [13] [14] [15] [16] . 4-1BB signaling regulates various inflammatory processes by modulating cytokine production and cell proliferation/ survival [17] [18] [19] . We previously showed that 4-1BB deficiency attenuates obesity-induced adipose inflammation and metabolic complications such as insulin resistance in mice fed a high-fat diet (HFD) [16] , and that in vitro stimulation of 4-1BB promoted free fatty acid-induced inflammatory response in muscle cells through NF-κB activation [3] . In this study, we tested the hypothesis that absence of 4-1BB-mediated signaling reduces obesityinduced skeletal muscle atrophy and metabolic dysregulation in mice fed an HFD.
Here, we demonstrate that the absence of a 4-1BB-mediated signal reduces obesity-induced atrophic responses in skeletal muscle by suppressing NF-κB activation, and that this is associated with increased activation of adenosine monophosphate-activated protein kinase (AMPK) and mitochondrial oxidative metabolism accompanied by increased oxidative fiber type in the skeletal muscle. These findings suggest that disruption of the 4-1BB signal may protect obesity-induced sarcopenia and metabolic dysregulation.
Methods

Animals
The whole-body 4-1BB-deficient mice on a C57BL/6 background were established in the Immunomodulation Research Center of University of Ulsan [20] . Male 4-1BB-deficient mice and their wild type (WT) littermate at 8 weeks of age were individually housed in plastic cages in a specific pathogen-free animal facility with a 12-h light, 12-h dark cycle. The mice were fed a high-fat diet (HFD) (60% of calories from fat; #D12492; Research Diets, New Brunswick, NJ, USA) or a regular diet (RD) (13% of calories from fat; #2018; Harlan Teklad, Madison, WI, USA) for 9 weeks, and given free access to food and water. All animal care and procedures were conducted according to the protocols and guidelines approved by the University of Ulsan Animal Care and Use Committee (2011-HA-004). Mice were euthanized by CO 2 asphyxiation and skeletal muscles were dissected.
Quantitative real-time PCR (qRT-PCR)
Quadriceps muscle tissues were collected and stored at −20°C in RNAlater (Ambion, Austin, TX, USA). Total RNA was extracted from 50 mg muscle tissue samples with Tri-reagent (Life Technologies, Carlsbad, CA, USA). Two microgram aliquots of total RNA were reverse transcribed to cDNA using M-MLV reverse transcriptase (Promega, Madison, WI, USA). qRT-PCR amplification of the cDNA was performed using SYBR premix Ex Taq (TaKaRa Bio Inc, Forster, CA, USA) in a Thermal Cycler Dice (TaKaRa Bio Inc, Japan). All reactions were performed using the following schedule: 95°C for 10s and 45 cycles of (95°C for 5 s and 60°C for 30s). Results were analyzed with the Real Time System TP800 software and all values were normalized to the levels of the house-keeping gene, β-actin [21, 22] , which was unaffected by genotype (WT: 1.00 ± 0.10, KO: 1.25 ± 0.08, p < 0.0675). The primers used in the analysis are listed in Table 1 .
Western blot analysis
Mice were euthanized by CO 2 asphyxiation. Briefly, frozen whole quadriceps muscle tissues were homogenized in lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 50 mM NaF, 10 mM Na 4 P 2 O 7 , 1% IGEPAL, 2 mM Na 3 VO 4 , 0.25% protease inhibitor cocktail, and 1% phosphatase inhibitor cocktail (Sigma). The protein content was determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Proteins were resolved on 11% SDS-PAGE gels, transferred onto nitrocellulose membranes (Millipore, Tullagreen, Carrigtwohill, Ireland, USA), and immunoblotted using primary antibodies against the following proteins: antiphospho AMPK (Thr172, #2531), AMPK (#2332, Cell Signaling, Beverly, MA, USA), COX IV (ab33985, Abcam, Cambridge, MA, USA) MuRF1 (#sc-32920, Santa-Cruz Biotechnology, CA, USA), PGC-1α (ab54481, Abcam), Troponin I (slow) (#sc-8119, SantaCruz) and α-tubulin (ab7291, Abcam). Proteins sequentially were detected by anti-rabbit (Cell Signaling) or anti-mouse (Bethyl Laboratories, Montgomery, TX, USA) HRP-conjugated secondary antibody, and enhanced chemiluminescent substrate kit (PerkinElmer, Waltham, MA, USA). Intensity of protein bands was quantified by densitometry using Image J program.
Nuclear factor-κB activity
Nuclear factor-κB (NF-κB) DNA binding activity was assessed with a NF-κB p65 TransAM kit (Active Motif, Rixensart, Belgium). Samples of tissue homogenate normalized for protein content were incubated with immobilized oligonucleotides containing an NF-κB consensus binding site. DNA binding activity was analyzed with antibodies specific for the NF-κB subunits according to the manufacturer's instructions (Active Motif ).
Immunohistological analysis
Quadriceps muscles were fixed overnight at room temperature in 10% formaldehyde, after which they were embedded in paraffin. Next, 8 μm thick sections were stained with anti-COX IV (Abcam) and anti-Troponin I (slow) (Santa-Cruz). Secondary antibodies were goat anti-mouse (Southern Biotechnology Associates, Inc., Birmingham, AL, USA), and donkey anti-goat (Santa Cruz Biotechnology), respectively, and detection was accomplished using a Peroxidase Substrate kit (Vector Laboratories Inc., Burlingame, CA, USA).
Statistical analysis
The results are presented as the means ± standard error of the mean (SEM). Differences were analyzed with the Student's t test, and they were considered significant at P < 0.05.
Results
Muscle weight, atrophic response, and NF-κB activation in skeletal muscle Obesity-induced inflammation is closely associated with skeletal muscle atrophy, which occurs through enhanced protein degradation and/or reduced protein synthesis [23, 24] . We previously reported that 4-1BB provides an inflammatory signal in muscle cells, and that disruption of the interaction between 4-1BB and its ligand decreased the production of inflammatory cytokines from cocultured muscle cells/macrophages [25] . In this study, we examined whether absence of 4-1BB represses obesityinduced atrophic response in skeletal muscle. We first observed that body weights of the 4-1BB-deficient mice given an HFD were significantly lower than those of the HFD-fed WT mice, whereas there was no difference between WT and 4-1BB-deficient mice fed a RD (Fig. 1a) . The weights of the quadriceps muscle tissue were lower in the HFD-fed than in the RD-fed mice, and this reduction was prevented in the HFD-fed 4-1BB-deficient mice (Fig. 1a) . Next, we determined atrophic response in the skeletal muscle of WT and 4-1BB-deficent mice fed a RD or HFD. As shown in Fig. 1b , transcript levels of atrophic genes such as MuRF1 and Atrogin-1 were upregulated in the HFD-fed mice, and were reduced in the skeletal muscle of the HFD-fed 4-1BB-deficient mice than in that of the HFD-fed WT mice. Western blot analysis revealed that the levels of atrophic protein such as MuRF1 were downregulated in the HFD-fed 4-1BB-deficient mice than in the HFD-fed WT mice (Fig. 1c) . Subsequently, we confirmed that the inflammatory signaling estimated by activity of the NF-κB subunit p65 is suppressed in the skeletal muscle of the HFD-fed 4-1BB-deficient mice and is similar to the level in the RD-fed mice (Fig. 1d) . MuRF1 muscle RING finger 1, PGC-1α peroxisome proliferator-activated receptor gamma coactivator-1 alpha, COX8B cytochrome c oxidase, subunit VIIIB, NDUFA2 NADH dehydrogenase ubiquinone 1 alpha subcomplex 2, PPARα peroxisome proliferator activated receptor alpha, CPT1β carnitine palmitoyltransferase 1 beta, ACADM acyl coenzyme A dehydrogenase, medium chain, ACADL acyl coenzyme A dehydrogenase, long-chain, MYL2 myosin, light chain 2, MYH7 myosin, heavy chain 7, TNNI1 troponin I, skeletal, slow 1, TNNT1 troponin T, skeletal, slow 1, MYHC2 myosin heavy chain 2, TNNI2 troponin I type 2, TNNT3 troponin T type 3, TNNC2 troponin C type 2, MYHC4 myosin heavy chain 4
Mitochondrial oxidative gene expression in skeletal muscle
Mitochondrial dysfunction plays a central role in skeletal muscle atrophy [26] , and enhancing mitochondrial oxidation is considered to be beneficial for protecting against atrophy. To determine if the protective effect of 4-1BB deficiency against obesity-induced atrophic response in skeletal muscle is associated with oxidative metabolic response, we examined the expression of genes associated with mitochondrial biogenesis and oxidative metabolism in skeletal muscle of WT and 4-1BB-deficient obese mice fed an HFD. Transcript levels of genes involved in regulating mitochondrial biogenesis such as peroxisome proliferator activated receptor gamma coactivator 1 alpha (PGC-1α), as well as those of genes involved in mitochondrial oxidative phosphorylation such as cytochrome c oxidase subunit VIIIB (COX8B) and NADH dehydrogenase ubiquinone 1 alpha subcomplex 2 (NDUFA2), were significantly elevated in the skeletal muscles of HFD-fed 4-1BB-deficient mice. The same results were found for transcripts involved in regulating muscle fatty acid oxidation, including peroxisome proliferator-activated receptor α (PPARα), carnitine palmitoyltransferase 1β (CPT1β), and genes encoding enzymes involved in β-oxidation, including acyl coenzyme A dehydrogenase medium chain (ACADM), and acyl coenzyme A dehydrogenase long chain (ACADL) (Fig. 2a) . Consistent with these findings, the muscle from HFD-fed 4-1BB-deficient mice was stained more strongly with antibody against cytochrome-c oxidase subunit IV (COX IV) (Fig. 2b) , which is a marker for increased oxidative capacity [27] . Levels of COX IV and PGC-1α protein were also upregulated in the skeletal muscles of HFDfed 4-1BB-deficient mice ( Fig. 2c-d) . Moreover, we observed that phosphorylation of AMPK increased in the skeletal muscle of the 4-1BB-deficient obese mice relative to the control (Fig. 2e) .
Oxidative fiber type in skeletal muscle
Muscle remodeling toward an oxidative phenotype, which occurs during physical exercise, protects muscle atrophy [28, 29] . To determine if the metabolic alterations in the skeletal muscle of 4-1BB-deficient obese mice were associated with muscle fiber type, we examined the transcript levels of key genes involved in skeletal muscle fiber types. Indeed, we found that expression of genes specific to type I fibers such as myosin light chain 2 (MYL2), myosin heavy chain 7 (MYH7), myoglobin, troponin I type 1 (TNNI1), troponin T type 1 (TNNT1), as well as those specific to oxidative type IIA fibers such as myosin heavy chain 2 (MYHC2), was greatly elevated in the muscle of the HFD-fed 4-1BB-deficient mice (Fig. 3a) , whereas the expression of genes specific to fast, glycolytic type II fibers, such as troponin I type 2 (TNNI2), troponin T type 3 (TNNT3), troponin The relative intensities of the bands of troponin I (slow)/α-tubulin were measured using image J. Data are the means ± SEM; n = 6 in each group. **P < 0.01 when comparing the WT/HFD and KO/HFD groups C type 2 (TNNC2), and myosin heavy chain 4 (MYHC4), did not differ between the groups (Fig. 3a) . In agreement with this, histological analysis and western blot analysis showed that HFD-fed 4-1BB-deficient mice contained more Troponin I-staining fibers than HFD-fed WT mice (Fig. 3b-c) .
Discussion
Obesity-induced inflammation is postulated to be a major contributor to skeletal muscle atrophy and metabolic dysregulation. Interestingly, recent studies have shown that the inflammatory molecule TWEAK-Fin14, a member of TNF-TNFR superfamily, plays a crucial role in mediating to skeletal muscle atrophy and metabolic dysfunction [9] . In this study, we used 4-1BB-deficient obese mice fed an HFD to investigate whether the 4-1BBL and 4-1BB system, another member of the TNF-TNFR superfamily, participates in obesity-induced skeletal muscle atrophy. We found that expression of atrophic markers such as MuRF1 and Atrogin-1 was markedly reduced in 4-1BB-deficient obese mice compared with WT control obese mice, and that this was accompanied by an increase in muscle mass as estimated by the tissue weights. Our previous studies showed upregulation of 4-1BB and its ligand in inflamed adipose tissue/skeletal muscle with infiltrated macrophages in obese condition [15, 16] , and the interaction of the receptor/ligand augmented obesityinduced production of inflammatory cytokines (TNFα, IL-6, and MCP-1), which was reduced in the absence of 4-1BB [3, 15] . More importantly, we observed that the absence of a 4-1BB-mediated signal suppressed activation of the NF-κB pathway in obese skeletal muscle. These findings indicate that the absence of 4-1BB signal suppresses the NF-κB-mediated inflammatory pathway, and that this is accompanied by increased inflammatory cytokines, which are critical for the ubiquitin-proteasome pathway. Accordingly, the absence of this signal may protect against obesity-induced atrophic response in skeletal muscle. Additionally, given that 4-1BB deficiency lowers the body weight gain and adiposity in HFD-fed obese [16] , the improvement of skeletal muscle atrophy in the 4-1BB-deficient obese mice may, at least in part, be associated with the reduction of lipid accumulation. Several inflammatory receptors/ligands pathways, including Fn14-TWEAK and 4-1BBL-4-1BB, have been shown to activate inflammatory signaling molecules (JNK, NF-κB, ERK, and p38 MAPK) [3, 9, 15, 30] . Activation of these inflammatory signaling molecules is known to reduces the activity of key regulators of oxidative metabolism such as AMPK, PGC-1α and PPARs [31] [32] [33] , as well as to cause defects in fatty acid oxidation and insulin sensitivity in skeletal muscle [31] [32] [33] , supporting the link between muscle inflammation and oxidative metabolism. Moreover, inflammation-mediated mitochondria dysfunction accompanied by reduction of oxidative capacity leads to activation of the proteolytic system via the activation of NF-κB [11] . AMPK is a critical regulator of skeletal muscle oxidative metabolism that modulates the expression of transcriptional regulators such as PGC-1α, which is involved in controlling the expression of metabolic and mitochondrial genes [34, 35] . In this study, we investigated whether the increase of mitochondrial genes reflects the reduced atrophic response observed in 4-1BB-deficient obese skeletal muscle. We found that the absence of 4-1BB-mediated inflammatory signaling increased activation of AMPK and transcript levels of the oxidative genes or proteins (COX IV) in the skeletal muscle, indicating that the absence of 4-1BB signal may attenuate obesity-induced muscle oxidative metabolic dysfunction through activation of the AMPK-PGC-1α pathway, leading to protection of atrophic response. Additionally, given the close connection between TNFα and reduced oxidative metabolism (TNFα inhibits AMP-activated protein kinase, leading to the reduction of oxidative capacity in skeletal muscle [36, 37] ), the increase of muscle mitochondrial oxidative metabolic genes in 4-1BB-deficient obese mice may be, at least in part, due to a reduction in the level of TNFα in obese skeletal muscle [25] .
Skeletal muscle atrophy and/or the derangement of muscle oxidative metabolism are accompanied by changes in the ratio of muscle fiber types [36] [37] [38] . It is likely that obese individuals have fewer slow-twitch muscle fibers and more fast-twitch muscle fibers [38] . Moreover, increases in slow-twitch oxidative muscle fibers are thought to protect against intramuscular fat accumulation, insulin resistance [38] [39] [40] , and muscle atrophy [41] . NF-κB activation is known to serve a dual function by inducing both fast-twitch fiber atrophy and slow-twitch fiber degeneration, while PGC-1α is known to protect slow-twitch oxidative fibers from denervation/ immobilization-induced muscle atrophies [42, 43] . The inflammatory cytokine TNFα, a structural homologue of the 4-1BB ligand, is also known to directly suppress PGC-1α in skeletal muscle [33] . In this study, we found that the absence of a 4-1BB signal rescued PGC-1α level in the skeletal muscle of 4-1BB-deficient obese mice, leading to a reduction in the muscle atrophy that occurs under obese conditions. Additionally, 4-1BB deficiency resulted in a great increase in the expression of molecules specific to type I and type IIA muscle fibers, which are rich in mitochondria and have high oxidative capacities [44] . Taken together, these findings suggest that PGC-1α may be an important mechanism by which the absence of 4-1BB signal reduces obesity-induced atrophy and restores mitochondrial oxidative metabolic capacity with oxidative fiber type.
In conclusion, we demonstrated that the absence of 4-1BB protects against obesity-induced muscle atrophy through suppression of NF-κB activation, and that this was associated with restored mitochondrial oxidative metabolic genes with increased slow-twitch fiber-type in the muscle. 4-1BB may be a potential target in combating obesity-related skeletal muscle atrophy and oxidative metabolic dysfunction. 
